Abstract: The narrow-band superfluorescent source is a promising optical source in various fields. We constructed a novel scheme for the narrow-band all-fiber thulium-doped superfluorescent source and demonstrated the power scaling based on multistage amplifiers. A stable narrow-band thulium-doped all-fiber superfluorescent seed source, a three-stage preamplifier, and a main amplifier were adopted. The maximum output power reached 228 W with the slope efficiency of 50%. The full-width at half-maximum (FWHM) was 0.19 nm, and the center wavelength was 1968.1 nm. To the best of our knowledge, this is the highest power of the narrow-band thulium-doped all-fiber superfluorescent source at 2 m, which is only limited by available pump power for the time being.
Introduction
Fiber lasers operating at 2 m have shown a rapid start-up in recent years [1] - [4] . Fiber based superfluorescent source at 2 m have various potential applications in many fields, such as gas sensing, LIDAR, optical communication systems, materials processing, and metrology [5] - [9] , which have attracted broad attention [10] - [13] . In 2008, Shen et al. reported a high-power thulium-doped superluorescent source with 11 W single-ended output power and the full width at half maximum (FWHM) of $36 nm [11] . In 2012, Halder et al. demonstrated a wideband spectrum-sliced superfluorescent source based on a newly developed double-clad ytterbiumsensitized thulium-doped fiber and a Sagnac loop mirror [12] . In 2014, Liu et al. demonstrated a high power broadband thulium-doped superfluorescent source with maximum output power of 122 W and the spectral FWHM of 25 nm, as well as a high-power narrowband thulium-doped superfluorescent source with maximum power of 120 W and FWHM of 1.2 nm [13] , which is the reported highest power of superfluorescence from thulium-doped fiber amplifiers at 2 m. As for holmium-doped superfluorescent fiber source, in 2013, Antipov et al. demonstrated a holmium-doped all-fiber superfluorescent source with output power of 273 mW and the FWHM of 54 nm [14] , which is the highest output power of holmium-doped superfluorescent fiber source, as far as we know. In 2014, Honzatko et al. demonstrated an extremely wideband thulium-holmium-doped fiber source with combined forward and backward amplified spontaneous emissions with the power of 1.3 W and 10 dB bandwidth of 645 nm [15] , which is the widest bandwidth generated in rare-earth-doped fiber based superfluorescent sources to date.
Although with promising prospects in various fields, broadband superfluorescent fiber sources could not meet the linewidth requirements ($0.1 nm, sub-nanometer magnitude) of optical sources used in certain systems such as optical telecommunication [16] and beam combining [17] . Corresponding narrowband superfluorescent fiber sources at 1 m have been reported [17] , while narrowband superfluorescent source at 2 m with the linewidth of sub-nanometer magnitude has not yet been reported.
In this paper, we demonstrated a high power thulium-doped all-fiber superfluorescent source with ultra-narrow linewidth for the first time. The maximum output power of narrowband thuliumdoped all-fiber superfluorescent source reached 228 W with the slope efficiency of 50% and the FWHM of 0.19 nm. This is the highest power of narrowband thulium-doped all-fiber superfluorescent source as far as we know, which is only limited by the available pump power.
Experimental Setup and Results

Low Power All-Fiber Seed with Ultra-Narrow Linewidth
The low power thulium-doped all-fiber superfluorescent seed with ultra-narrow linewidth contains two parts: a broadband superfluorescent all-fiber seed source and the linewidth narrowing module based on fiber Bragg grating (FBG) filtering. The experimental setup is shown in Fig. 1 .
In the part of broadband superfluorescent seed source, two 1550 nm fiber lasers (pump 1 and pump 2) were employed to serve as pump sources. Bidirectional pumping configuration is effective to excite 5 m single-cladding single-mode thulium-doped fiber (TDF) with a core diameter of 9 m and a cladding diameter of 125 m. Two 1570/1970 wavelength division multiplexer (WDM) were used to launch pump light into TDF. The signal port of one WDM was fusion spliced to the end of 1 Â 2 coupler, and the other two ports of coupler were spliced together to form a fiber loop mirror. A wideband 2 m polarization insensitive isolator (ISO) was used to decrease the feedback from fiber end facets and keep the superfluorescent source below lasing threshold. The output powers were measured by a power meter, the spectra and temporal characteristics were detected via an optical spectrum analyzer (OSA) with a resolution of 0.05 nm, a photodetector with the rise time of 25 ns, and an oscilloscope (OSC) with the bandwidth of 1 GHz, respectively.
The output power of the broadband thulium-doped superfluorescent seed source versus incident 1550 nm pump power is shown in Fig. 2(a) . The output power reached 290 mW when the pump power was 3 W, and the slope efficiency of broadband seed source was 28%. As shown in Fig. 2(b) , the optical spectrum of the broadband thulium-doped fiber superfluorescent seed source spans from 1760 nm to 2130 nm with an FWHM of 40 nm. In the linewidth narrowing module, two circulators and narrowband FBGs were cascaded to realize the narrowband filtering at sub-nanometer magnitude of superfluorescent source. The combination of circulator and FBG is a practical narrowband filter at the same bandwidth with the FBG spliced to circulator. Therefore, the equivalent bandwidth of two cascaded combinations is equal to the intersection of two FBGs' bandwidths. We chose two FBGs with quite close center wavelengths and 3 dB bandwidth to filter a narrower bandwidth. As shown in Fig. 1 , the port 1 of C1 was spliced to the output end of the isolator in the broadband superfluorescent seed source, port 2 of C1 was spliced with FBG 1 (center wavelength @ 1971.70 nm, reflectivity of 99.74%, and bandwidth of 0.3 nm). The port 1 of C2 was spliced with output end of the isolator in the linewidth narrowing module, and port 2 was spliced with FBG 2 (center wavelength @ 1971.58 nm, reflectivity of 99.91%, and bandwidth of 0.34 nm). To decrease the feedback from the Fresnel reflection of fiber end facet, the pigtail of port 3 was angle-cleaved at 8 before being spliced to the pre-amplifier stage. Due to the loss caused by filtering process and circulator C1, an amplifier was built to amplify the output power of narrowband superfluorescence from port 3 of C1. The amplifier consists of 2.4 m single-mode TDF with a core diameter of 9 m and a cladding diameter of 125 m, a 1550 nm fiber laser at watt level, which serves as the pump source, and a 1550/1950 nm WDM. Fig. 3 shows the optical spectra of output narrowband superfluorescence from port 3 of C1 and C2, respectively. The FWHM was 0.273 nm with the center wavelength of 1971.295 nm when the broadband superfluorescence was filtered by the combination of C1 and FBG 1, which is corresponding to the 3 dB bandwidth of FBG 1. The output power launched out from port 3 of C1 was 1.2 mW, which was amplified to 80 mW by the amplifier mentioned above. Corresponding to the intersection of two FBGs' bandwidth and center wavelength, the bandwidth of spectrum output from port 3 of C2 was narrower with the FWHM of 0.198 nm. Thus, two cascaded combinations of circulator C1, FBG 1, and circulator C2, FBG 2 are effective to further narrow the FWHM of narrowband all-fiber superfluorescent seed source. The output power measured at the angle-cleaved pigtail of port 3 was 20 mW.
High Power Cascaded Fiber Amplifier
We also investigated the power scaling of the narrowband thulium-doped all-fiber superfluorescent source with the FWHM of sub-nanometer magnitude. A pre-amplifier and a main-amplifier was employed to realize the power scaling of the narrowband all-fiber superfluorescent source we built.
The signal power launched out from the narrowband seed source was amplified to 2.5 W via pre-amplifier. The configuration of the amplifiers in pre-amplifier was the same with the amplifier in linewidth narrowing module. The setup of main-amplifier is shown in Fig. 4 . Six 793 nm laser diodes were employed as pump sources of amplifier which could provide pump power exceeding 450 W. A ð6 þ 1Þ Â 1 signal-pump combiner was used to launch the 2.5 W signal power and pump power into active fiber. The double-cladding TDF was fusion spliced with a matched passive fiber and the joint was covered with high reflective index gel to dump the residual pump power out. All the active fiber and its two fusion splice joints with output port of combiner and passive fiber were fixed on a water-cooled heat sink. The output end of passive fiber was anglecleaved to prevent unwanted feedback. 
Experimental Results and Discussion
Fig . 5 shows the output power of the narrowband thulium-doped superfluorescent all-fiber power amplifier. The maximum power reached 228 W when the total incident pump power was 452 W. For the length of active fiber in main-amplifier and the cooling method we chose, the slope efficiency of the narrowband thulium-doped superfluorescent all-fiber power amplifier was 50%, which could be further improved by optimizing the active fiber length and improving the cooling scheme. No parasitic lasing and nonlinear effects were observed during the experiment, therefore, the maximum output power of the narrowband thulium-doped superfluorescent all-fiber power amplifier is only limited by the incident pump power for the time being.
The optical spectra detected from the angle-cleaved pigtail of the amplifier are shown in Fig. 6 . When the output power of narrowband thulium-doped superfluorescent amplifier reached 228 W, the spectral FWHM was measured as 0.19 nm, which did not broaden obviously compared with that of the seed source. Fig. 7 indicates the high temporal stability characteristic of this high power narrowband thulium-doped all-fiber superfluorescent source.
It is noted that the optical spectra of the narrowband thulium-doped superfluorescent amplifier blue-shifted with the increase of output power, as shown in Fig. 6 . One of the reasons leading to the onset of wavelength shift phenomenon is that the OSA was not calibrated during the long-time experiment.
Conclusion
In conclusion, a high-power thulium-doped all-fiber superfluorescent source with ultra-narrow linewidth was demonstrated. We put forward a novel scheme to build a superfluorescence with 0.19 nm ultra-narrow linewidth. The maximum output power of 228 W with the slope efficiency of 50% was realized based on the multi-stage amplifiers. As far as we know, this is the highest power of narrowband thulium-doped all-fiber superfluorescent source, which is only limited by available pump power.
